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Ocean-color applications require maximum uncertainties in blue-wavelength water-leaving radiances in
oligotrophic ocean of approximately 5%. Water-leaving radiances from Moderate Resolution Imaging
Spectroradiometer (MODIS) on the Terra satellite, however, exhibit temporal drift of the order of
15% as well as sensor changes in response versus scan and polarization sensitivity, which cannot be
tracked by onboard calibrators. This paper introduces an instrument characterization approach that uses
Earth-view data as a calibration source. The approachmodels the top of the atmosphere signal over ocean
that the instrument is expected to measure, including its polarization, with water-leaving radiances com-
ing from another well-calibrated global sensor. The cross calibration allows for significant improvement
in derived MODIS–Terra ocean-color products, with largest changes in the blue wavelengths. © 2008
Optical Society of America

OCIS codes: 010.0280, 010.1690, 010.1285, 010.4450, 280.4788.

1. Introduction

Satellite monitoring of phytoplankton pigments in
the near-surface water layers has revealed the enor-
mous impact the oceanic plankton have on global car-
bon dioxide fixation and Earth’s climate [1]. These
space sensors operate in the visible and near-
infrared range of the electromagnetic spectrum, thus
derived data are called ocean color. The instruments
measure radiance exiting the top of the atmosphere
(TOA) at a number of discrete wavelengths. The al-
gorithms in routine use make the assumption that

the atmospheric and oceanic components of the
TOA radiance (Lt) can be largely decoupled using
theoretical models of radiative transfer and that
the atmospheric absorption and scattering can also
be separated [2–4]. The spectral distribution of up-
welling visible light is derived just above the ocean
surface and is referred to as the water-leaving radi-
ance (Lw). Water-leaving radiances are subsequently
used to calculate biophysical properties of the ocean,
including concentrations of phytoplankton photosyn-
thetic pigment, chlorophyll-a (Ca). More than 75%
of the world’s oceans are covered by oligotrophic
waters where chlorophyll-a concentrations are below
0:1mg=m3 [5]. Because of intense atmospheric scat-
tering by air molecules and aerosols and strong
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water absorption, water-leaving radiances in oligo-
trophic ocean contribute only approximately 17% to
the TOA radiance in the blue and 8% in the green
spectral wavelengths [5]. At the near-infrared range,
water-leaving radiances in the oligotrophic regime
are assumed negligible, and all TOA radiance is at-
tributed to atmospheric scattering and absorption.
Because of the low magnitude of the ocean contribu-
tion and uncertainties in the atmospheric correction,
accurate characterization and calibration of ocean-
color sensors is vital.
Sea-viewing Wide Field-of-View Sensor (SeaWiFS)

on the OrbView-2 satellite [6] and Moderate Resolu-
tion Imaging Spectroradiometers (MODISs) [7] fly-
ing on the Terra and Aqua spacecraft have been
capturing global ocean-color data since 1997, 2000,
and 2002, respectively. SeaWiFS is solely dedicated
to ocean-color observations and carries eight bands
from the blue, 412nm, to the near-infrared, 865nm,
range of the spectrum. MODIS has 36 spectral bands
from the blue, 412nm, to the thermal infrared,
14:235 μm, from which nine bands have the wave-
length and the radiometric sensitivity required for
ocean-color applications. The calibration process for
these instruments is complex. Direct methods in-
clude comprehensive prelaunch characterizations
and on-orbit calibrations using onboard calibration
sources and the Moon [8–10]. Total uncertainties of
direct absolute radiance calibrations are similar be-
tween SeaWiFS andMODIS instruments and add up
to 5% [8,11]. The goal of ocean color is to estimate
oligotrophic water-leaving radiances in blue wave-
lengths to within 5% error [12]. However, the total
uncertainties from sensor direct calibrations intro-
duce up to 30% uncertainty in water-leaving ra-
diances. To reduce these uncertainties, additional
vicarious calibrations are implemented [13].
SeaWiFS has been a well-calibrated source of

ocean-color data for over 10 years [14], and MODIS–
Aqua water-leaving radiances currently agree with
SeaWiFS to within 5% on the global average [15]. In
contrast, Franz et al. demonstrated in detail that
MODIS–Terra is currently unsuitable for quantita-
tive ocean-color applications [5]. In summary, they
found that ocean-color products from Terra exhibit
a significant temporal drift of approximately 15%
that can be attributed to increased instrument de-
gradation and that resulting changes in MODIS re-
sponse versus scan angle (RVS) and polarization
sensitivity cannot be readily tracked by onboard ca-
librators. The shape of the MODIS RVS is fixed at
prelaunch laboratory measurements and is linearly
scaled based on two reference points corresponding
to two independent on-orbit calibration procedures
using solar diffuser (SD) and lunar observations
[16]. The two calibration points are obtained when
the MODIS double-sided scan mirror observes the
SD at a 50:3° angle of incidence (AOI), equivalent
to Earth-view (EV) pixel 979, and the Moon via the
space view (SV) at 11:4° AOI, EV pixel 24 [17]. These
two points provide a limited description of the com-

plete RVS function. In addition, lunar calibrations of
MODIS ocean-color red and near-infrared bands can-
not be performed directly, because these bands satu-
rate when viewing the Moon. Conversely, there is no
onboard capability to track changes in polarization
sensitivity of the MODIS instruments [18]. Pre-
launch measurements showed polarization ampli-
tudes increasing toward the higher mirror AOIs and
adding up to 2% for most ocean-color bands, except
for band 8 (412nm), where the amplitude was 5%;
band 9 (443nm), with the amplitude of 3%; and
band 16 (869nm) at 2.5% amplitude [19]. As an ex-
ample, based on these prelaunch measurements and
estimates of atmospheric polarization over the ocean,
the polarization correction to MODIS TOA radiances
at 412nm is up to 3% of the total signal. In MODIS–
Terra, seasonal and hemispherical trends in derived
ocean-color products and variations in sensor re-
sponse along the scan indicate its polarization sensi-
tivity is changing, and it varies unevenly between the
two mirror sides [5]. MODIS–Terra ocean-color data
furthermore exhibit significant detector striping up
to 10% in 412nm water-leaving radiances [5]. For
ocean-color bands, system-level calibration of each
band’s 10 detectors is operationally traced using SD
data. Its independent verifications at SV AOI with
lunar irradiances generally indicate detector esti-
mates are different between these calibrators [17].
Mirror-side ratio trending is accomplished using
spectroradiometric calibration assembly (SRCA) and
EV data.

This paper describes a vicarious recharacteriza-
tion approach addressing instrument on-orbit degra-
dation when onboard calibration sources become
insufficient to resolve sensor characterization issues,
as in the case of MODIS–Terra. The approach uses
EV data over oceans as a substitute, because in oli-
gotrophic waters and clear atmospheres, expected in-
strument response can be fairly reliably modeled. A
detailed description of the method is provided, which
complements its previous introduction in [5], as well
as results to demonstrate the improvement in ocean-
color retrievals over the MODIS–Terra mission life-
time. The approach builds on the previous work
undertaken to improve on-orbit radiometric calibra-
tion of the Modular Optoelectronic Scanner [20] and
Landsat-7/Enhanced Thematic Mapper [21]. The
concept closely follows ocean-color vicarious calibra-
tion [14], but instead of using sparse in situ ground
measurements to model expected TOA signal, obser-
vations are used from another well-calibrated global
sensor. The approach is therefore called a cross cali-
bration. The ocean surface contribution is derived
here using SeaWiFS data. The benefit of using Sea-
WiFS is twofold: SeaWiFS operations span the entire
lifetime of Terra, and SeaWiFS is radiometrically
well characterized and not sensitive to polarization
[8]. Sensor-to-sensor matchups result in large cali-
bration datasets with significant statistical repre-
sentations of MODIS viewing and solar geometries
for all spectral bands, mirror sides, and detectors.
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MODIS issues such as RVS and polarization sensi-
tivity are closely intertwined, and their separation
and detailed characterization critically depend on
the availability of such comprehensive datasets. RVS
and polarization sensitivity are both functions of AOI
on the mirror. They can yet be isolated, because RVS
varies uniformly along the scan, while polarization of
EV radiation that is incident on the mirror also var-
ies with solar geometry and can be largely modeled
independently. Furthermore, the approach extracts
long-term calibration discrepancies between instru-
ments as it ties the calibrated sensor to the temporal
trend of the baseline mission. Therefore, MODIS–
Terra, after the cross calibration with SeaWiFS, will
contain SeaWiFS long-term trends and cannot create
an independent climate data record. Nevertheless, it
may be possible to disentangle MODIS RVS, polari-
zation sensitivity, and mirror-side and detector
corrections from SeaWiFS long-term trends. The po-
tential solution to this issue is presented in Section 6.

2. Impact of Moderate Resolution Imaging
Spectroradiometer–Terra Uncertainties on Ocean-Color
Data

Detailed documentation describing MODIS–Terra
onboard calibration is contained on the website of
the MODIS Characterization Support Team (MCST)
[22]. Here, limitations of this calibration are high-
lighted in order to explain the need for a complemen-
tary approach to on-orbit Terra calibration [5].
There are two events inMODIS–Terra history that

significantly affect the performance of its derived
ocean-color products. The first event occurred before
the mission launch during an instrument character-
ization activity. During thermal vacuum testing, a
portion of the nadir aperture door became over-
heated [23]. This resulted in the evaporation of a
strip of paint (surface epoxy) from the door, which
was about 0:6m long and 0:02m wide. The evapora-
tion sprayed the inside of the scan cavity and themir-
rors. Because of the vacuum, the spray traveled
along the “line of sight” from the nadir aperture door.
The scan mirror was rotating at the time, hence both
sides of it were contaminated as was the fold mirror
in the optical path from the scan mirror and the
SRCA fold mirror. The blackbody was also impacted.
In addition, a sample witness mirror was covered by
the spray that was later used for practice cleaning of
optical surfaces. The mirrors were cleaned, but not
all contamination was removed completely, particu-
larly at the edges of the scan mirror. There were dif-
ferences in the cleaning outcome between the two
sides of the scan mirror. The RVS was not subse-
quently recharacterized, thus its state at launch is
not known exactly. This is important, because once
on orbit, the shape of the MODIS prelaunch RVS is
used to calibrate the instrument. MODIS–Terra on-
board calibrations confirm that the radiometric sen-
sitivities of the two mirror sides are different and
have been changing over the course of the mission
(see Fig. 1). Also, the trends at SV and SD AOIs di-

verge unevenly. These differences indicate that the
shape of the RVS may be changing on orbit.

The second meaningful event occurred while on or-
bit in May 2003 during Terra SD calibration. During
the procedure, the SD door was commanded to the
full open position, but the SD screen remained
closed, although the drive motor moved throughout
its dynamic range. A recovery plan was implemented
in July 2003, as a result of which the SD door
remains permanently open while the screen is per-
manently closed. The opened SD door is causing in-
creased degradation in reflective properties of the SD
plate and possibly of the scan mirror. Although
changes in the SD are tracked by the SD stability
monitor (SDSM), its characterization capabilities
may be degrading because of the rapidly decreasing
SD reflectivity and the smaller signal, which is now
available for its calibration.

Figure 1 shows change in MODIS–Terra and
MODIS–Aqua calibration of band 8, 412nm. Radio-
metric sensitivity of this Terra band has deteriorated
by over 40% since launch. Band 8 has the highest
radiometric change in MODIS, followed by the other
ocean-color visible and near-infrared bands. The fig-
ure illustrates that the two sides of the MODIS–
Terra mirror have been degrading differently and
that the RVS between the SD and SVAOIs has been
varying unevenly. MODIS–Aqua responsivity adjust-
ments in band have also been large. However, in con-
trast to Terra, the RVS of Aqua has been changing
relatively smoothly through time, and the two mirror
sides have been fairly uniform. The prelaunch mirror
contamination and in-flight permanent opening of

Fig. 1. On-orbit direct calibration results for MODIS–Terra and
Aqua band 8, 412nm. Band 8 response has been degrading the
most on both platforms. Instrument radiometric sensitivities
are tracked by Sun observations relayed by the SD and Moon ob-
servations through the SV port. Results are shown for two sides of
the MODIS scan mirror, mirror-side 1 (MS1) and mirror-side 2
(MS2), and for detector 4 of band 8. SD trends are corrected for
degradation of the diffuser plate, which is assessed by the SDSM.
MODIS–Terra calibration shift in late 2000 to mid-2001 is caused
by the switch in electronics side from A to B and back to A.
MODIS–Terra calibration version is 5.0.38.1c, and MODIS–Aqua
version is 5.0.35.2a.

6798 APPLIED OPTICS / Vol. 47, No. 36 / 20 December 2008



the SD door may have affected MODIS–Terra in
unpredictable ways, which show in substantial and
uneven instrument changes. It is likely thatMODIS–
Terra polarization sensitivity has also been chan-
ging, although it cannot be monitored with onboard
calibrators.
The impact of MODIS–Terra calibration uncer-

tainties on ocean-color products, Ca and Lw in band
9, 443nm, is illustrated in Fig. 2. The figure com-
pares long-term anomalies after removal of systema-
tic seasonal trends in SeaWiFS (top row) and
MODIS–Terra (bottom row) in ocean-color time ser-
ies. The anomalies are obtained for oligotrophic glo-
bal ocean, which normally exhibits stability over
many years without large long-term drifts in Ca and
Lw. The TOA radiances are processed consistently
between the two sensors using their respective
onboard calibrations, corresponding fixed vicarious
gains per band [14], and the same atmospheric cor-
rection [5]. Derived water-leaving radiances are nor-
malized to eliminate viewing and solar illumination

differences between the sensors (nLw). The normal-
ization approximates the conditions of a nadir-
viewing instrument with the Sun being at zenith
in absence of any atmospheric loss, the Earth being
at its mean distance from the Sun, and with correc-
tions for the effects of the nonisotropic structure of
the subsurface light field [24]. The time series is ob-
tained by averaging global oligotrophic Ca and nLw
values from consecutive 9km spatial and 4 day tem-
poral datasets, which are sampled once a month
through the lifetimes of both missions. SeaWiFS
long-term trends are relatively flat, within 8% of Ca
and 4% of blue wavelength nLw. MODIS–Terra, on
the other hand, displays a significant drift in calibra-
tion starting around the SD door event in mid-2003.
The drift is approximately 40% in terms of Ca and
15% in terms of band 9 443nm nLw. These MODIS–
Terra calibration trends are unacceptable for ocean-
color applications, as they significantly exceed a 5%
uncertainty in blue-band water-leaving radiances.

Fig. 2. (a), (c) Time series of chlorophyll-a concentrations, and (b), (d) normalizedwater-leaving radiances (nLw orLwn) for (a), (b) SeaWiFS
and (c), (d) MODIS–Terra. The time series represent anomalies away from systematic yearly trends in oligotrophic global ocean. They are
obtained by averaging sensor 4 day coverage sampled in monthly intervals through the lifetimes of both missions.
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3. Cross-Calibration Methodology

The cross-calibration method described in this paper
is based on modeling the TOA signal that should be
measured by a polarization-sensitive instrument
over oceans in presence of clear atmosphere and case
1 waters [25]. The prediction estimates the compo-
nents of the Stokes vector exiting the TOA, Lt ¼
½Lt;Qt;Ut;Vt�T , which defines the total radiance (Lt)
and the radiances due to linear (Qt and Ut) and cir-
cular (Vt) polarization. The current prediction as-
sumes the polarization of the visible TOA signal is
solely due to atmospheric polarization and the spec-
ular reflection of the sunlight from the ocean surface,
the sun glint. The contribution of surface foam and
subsurface upwelled radiance to the TOA polariza-
tion is neglected. Additionally, the circular polariza-
tion of the atmosphere, Vt, is assumed to be
insignificant [26]. The modeling of the total radiance,
Lt, is founded on the methodology developed for
ocean-color vicarious calibration [14,27]. However,
unlike in the vicarious calibration, which uses in situ
surface measurements, the known water-leaving
radiances come from a baseline satellite sensor. The
baseline nLw compose a time series of sufficient
length, consistency, reliable calibration, and global
coverage to encompass the duration of the mission to
be calibrated, thus producing a comprehensive
matching series. Each dataset at each point in time
in the series contains a broad global representation
of viewing and solar geometries of the calibrated in-
strument, which enables the separation of RVS from
polarization sensitivity. The radiances due to linear
polarization of the atmosphere, Qt and Ut, are mod-
eled using the radiative transfer theory and are ta-
bulated for discrete viewing and solar geometry
angles or are evaluated a priori, as for the sun glint
[2]. The actual signal measured by the instrument is
then regressed against the prediction and unknown
gain and polarization sensitivity are extracted.

A. Operational Vicarious Calibration

The vicarious calibration process for ocean-color data
is described in detail in [14]. Its purpose is to reduce
the uncertainty of the sensor direct calibration and
its data processing algorithm. It results in single vi-
carious calibration gains for each band averaged
throughout the mission lifetime, assuming temporal
drift in instrument radiometric sensitivity is ac-
counted by onboard calibrations. The vicarious cali-
bration is effectively an inversion of the forward
ocean-color processing algorithm [14]. The TOA total
signal for a wavelength λ is decomposed as follows:

LtðλÞ ¼ ½LrðλÞ þ LaðλÞ þ tdvðλÞLf ðλÞ
þ tdvðλÞLwðλÞ�tgvðλÞtgsðλÞ: ð1Þ

The contribution from the atmosphere is decoupled
into gaseous absorption, where tgsðλÞ and tgvðλÞ corre-
spond to radiance losses along the paths from the
Sun to the surface and from the surface to the sensor

[28]; into molecular scattering, LrðλÞ [29,30]; and to
aerosol scattering and absorption, LaðλÞ, which in-
cludes molecule–aerosol interactions [2]. The expres-
sion Lf ðλÞ represents radiance contribution from the
surface foam [2,31,32]. The term tdvðλÞ accounts for
diffuse transmittance along the path from surface
to satellite [28]. Gaseous absorption is modeled using
daily concentrations of individual gases in the atmo-
sphere. Molecular, or Rayleigh, scattering is accu-
rately predicted in advance, using vector radiative
transfer, and is tabulated per solar and viewing geo-
metries and wind speeds [29,30]. Aerosol types are
also modeled, using Mie theory, and are tabulated
but cannot be predicted a priori for ever-changing lo-
cal atmospheric conditions. The primary unknowns
in Eq. (1) are therefore LaðλÞ and LwðλÞ. During the
processing, pairs of bounding aerosol models are se-
lected, depending on instrument measured reflec-
tances in two bands in the near-infrared part of the
spectrum [2]. The first step in the vicarious approach
is therefore a relative calibration of these near-
infrared bands to accurately retrieve the aerosol
models, where the longer-wavelength band is kept
at its direct onboard calibration value [14]. The next
step is calibration of the visible bands. Here the
aerosols are picked based on the established near-
infrared relative calibration, and the surface contri-
bution is determined using ground-measured in situ
water-leaving radiances. A marine optical buoy
(MOBY) has been a well-maintained vicarious cali-
bration source since just before the SeaWiFS launch
in 1997 [33,34]. The vicarious gains are derived from
comparisons between vicarious and measured TOA
radiances, and once established, they are applied
in the operational processing of SeaWiFS and
MODIS data.

B. Total Radiance Modeling Lt
In the cross-calibration process, Eq. (1) is used to
model the total radiance, LtðλÞ, the first component
of the Stokes vector exiting the TOA over ocean,
LtðλÞ. Instead of using MOBY measurements, LwðλÞ
in Eq. (1) is estimated from corresponding normal-
ized water-leaving radiances from a baseline
mission. Normalized water-leaving radiances are as-
sumed to be independent of transient observation
conditions and transferable among different instru-
ments once adjusted for the instrument’s individual
relative spectral responses (RSRs). There are three
options for deriving LaðλÞ:

1. Cross calibration of visible bands only. Aerosol
contribution to the TOA signal, LaðλÞ, is predicted
using the near-infrared bands of the sensor that is
being calibrated. This assumes that the operational
calibration of the near-infrared bands is adequate,
encompassing direct onboard and vicarious calibra-
tions, and that the operational prelaunch character-
ization of their polarization sensitivities is also valid.
Temporal degradation, RVS, and polarization correc-
tion are then derived for the visible bands only.
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2. Concurrent cross calibration of near-infrared
and visible bands. Visible-band nLw from the base-
line sensor is used in concert with baseline estimates
of the aerosol load. Here both nLw and aerosol optical
thickness (AOT) are assumed to be independent of
transient observation conditions and transferable
between instruments once adjusted for the instru-
ment’s RSRs. Spectral distribution of baseline AOTs
defines a pair of bounding aerosol models. The AOTs,
aerosol model scattering properties, and observation
and solar geometries from the calibrated sensor are
used to derive its aerosol radiances, LaðλÞ. This en-
ables characterization of temporal degradation, RVS,
and polarization sensitivity of the visible and near-
infrared bands simultaneously.
3. Relative cross calibration of the near-infrared

bands and full cross calibration of the visible bands.
From the baseline mission, visible-band nLw are
used jointly with aerosol models defined by their
Ångström exponent. Similarly to the vicarious cali-
bration, the two-step procedure first performs the
relative cross calibration of the near-infrared bands
and then the full cross calibration of the visible
bands. For the near-infrared bands, the longer-
wavelength band is kept at its direct onboard calibra-
tion and prelaunch polarization sensitivity, so its La
is unchanged, while the shorter-wavelength band La
is predicted using the baseline aerosol model. Tem-
poral degradation, RVS, and polarization correction
are then derived for the shorter-wavelength near-
infrared band and for all visible bands.

C. Measured Radiance Modeling, Lm
The radiance reflected from the ocean-atmosphere
system can be strongly polarized, which affects polar-
ization-sensitive instruments like MODIS. The de-
gree of polarization of the modeled TOA radiances
varies strongly with the scattering angle, typically
between 0 and 70% at MODIS geometries [19].
Although the sensor’s detectors measure mostly total
radiance, this radiance is transformed by the prior
action of the optical system, which is described by
the following equation [26]:

Lm ¼ MRðαÞLt; ð2Þ

where

M ¼

2
664
M11 M12 M13 M14

… …

… …

M41 … … M44

3
775;

RðαÞ ¼

2
664
1 0 0 0
0 cos 2α sin 2α 0
0 − sin 2α cos 2α 0
0 0 0 1

3
775; Lt ¼

2
664
Lt

Qt

Ut

Vt

3
775;

and wavelength λ is dropped for clarity from LmðλÞ,
MðλÞ, and LtðλÞ.MðλÞ is the Mueller matrix that char-
acterizes instrument polarization sensitivity scaled

by its gain. The Mueller matrix is defined relative
to a reference plane fixed with respect to the instru-
ment, while LtðλÞ is delineated with respect to a
reference plane determined by the propagation
direction of the light and the local vertical at ocean
surface [26]. Hence the LtðλÞ vector has to be rotated,
which is accomplished by the rotation matrix RðαÞ,
where α is an angle between the two planes. At
MODIS geometries, α is mostly 0° or �180°, except
around the very center of the scan at sensor azimuth
discontinuity.

The total radiance measured by the detectors,
i.e., the first element of the Lm Stokes vector, Lm,
has contributions from the linear and circular polar-
ization states of the incoming radiation, Qt, Ut, and
Vt. However, because molecular and aerosol scatter-
ing produces light largely linearly polarized, Vt ∼

10−3 Lt [26], the circular polarization component is
neglected:

Lm ¼ M11Lt þM12ðQt cos 2αþUt sin 2αÞ
þM13ð−Qt sin 2αþUt cos 2αÞ; ð3Þ

where M11 is the instrument gain, and M12 and M13
are polarization sensitivities.

In the cross calibration, Lt are vicarious TOA total
radiances modeled using Eq. (1). The rotation angle
α is calculated a priori from the information on sen-
sor viewing geometry and geographic coordinates
of the imaged location. Linear polarization compo-
nents Qt and Ut are derived from vector radiative
transfer simulations for molecular scattering in the
atmosphere, glint scattering, and optionally for the
12 aerosol models used in the operational ocean-color
atmospheric correction [30,35]. TheQt andUt compo-
nents are computed a priori for the sun glitter and
are parameterized for a wide spread of sensor and
solar geometries, atmospheric pressures, and wind
speeds in Rayleigh lookup tables and for the geome-
tries and AOTs in aerosol tables.

D. Deriving Instrument Characterization

When Lm in Eq. (3) is replaced with the actual
MODIS TOA measurements, Lm

m, the equation has
three unknowns: M11, M12, and M13. The goal of the
cross-calibration process is to extract those un-
knowns simultaneously at each single point in the
sensor time series. In the current implementation,
M11, M12, and M13 are derived independently for
each day in the time series and separately for each
spectral band, mirror side, and detector. To be pre-
cise, the unknowns in the time series are expressed
as functions of the spectral band (λ), mirror side (m),
detector number, (d), and time (t) as Mmd

11 ðλ; tÞ,
Mmd

12 ðλ; tÞ, and Mmd
13 ðλ; tÞ. M11, M12, and M13 are also

defined as functions of AOI on the mirror expressed
in terms of pixel number (or frame number) of EV
data. Here M11, M12, and M13 are defined as polyno-
mial functions of pixel number:
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M1i ¼ M1i;0 þM1i;1pþ…þM1i;npn; i ∈ f1; 2; 3g;
ð4Þ

where p is the EV pixel number, p ∈ f1;…; 1354g for
MODIS ocean-color bands, and n is the degree of the
polynomial. Optionally, Eq. (3) can be solved within k
consecutive pixel ranges along the scan, which will
give k independent solutions M11;i, M12;i, and M13;i,
i ∈ f1;…; kg.
E. Result Interpretation

In the cross-calibration process,M11 is a relative cor-
rection. The along scan change in derived M11 de-
fines the residual RVS on top of the operational
mirror characterization. The relative change over
time in M11 magnitude at any given mirror AOI
represents the long-term temporal trend on top of
the operational onboard calibration. The absolute
magnitude of M11 is partly dependent on the RSR
conversions between the bands of the baseline and
calibrated sensors, which are modeled and may not
be very accurate. To limit the uncertainties in de-
rived ocean-color products after the cross calibration,
a new vicarious calibration is applied using MOBY
in situ measurements.
M12 andM13 identify the instrument’s absolute po-

larization sensitivity. They vary with the AOI on the
mirror. M12 and M13 can be normalized to represent
polarization sensitivities of a calibrated instrument,
m12 and m13:

m12 ¼ M12

M11
; m13 ¼ M13

M11
; ð5Þ

so that the calibrated and polarization corrected ra-
diance is retrieved as

Lt ¼ Lm=M11 −m12ðQt cos 2αþUt sin 2αÞ
−m13ð−Qt sin 2αþUt cos 2αÞ: ð6Þ

Operationalm12 andm13 values were derived during
prelaunch polarization sensitivity characterizations
for a calibrated instrument, i.e., M11 ¼ 1, and have
been kept constant through time. In the cross-
calibration process, absolute values of M12 and
M13 are allowed to trend over time through the time
series as polarization sensitivity of the instrument
changes. The magnitudes of m12 and m13 describe
the instrument polarization response where its po-
larization amplitude is defined as [19]

pa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

12 þm2
13

q
: ð7Þ

The unknowns, M11, M12, and M13, therefore ad-
dress diverse issues of instrument characterization
and calibration: long-term temporal trends, RVS, po-
larization sensitivity, striping, and banding. If the
unknowns are defined as polynomials of a pixel num-
ber, Eq. (3) constitutes an overdetermined set of lin-

ear equations. A least squares solution to these
equations can be sought using a variety of algorithms
such as robust singular value decomposition,
multiple linear regression, or multidimensional func-
tion minimization like a downhill simplex method
[36]. Machine learning approaches can also be imple-
mented, which proved useful in cross calibrating
ocean-color data on the level of water-leaving
radiances [37].

4. Cross-Calibration Implementation

The cross-calibration uses a time series of large
globally distributed sensor datasets from the two
missions. It provides significant statistical represen-
tations of instrument viewing and solar geometries
for all spectral bands, mirror sides, and detectors.
The time series is composed of individual whole
days of MODIS–Terra global coverage sampled at
monthly intervals throughout the Terra lifetime.
For each day in the time series, the cross calibration
is in practice composed of four operational stages:

1. Matching of MODIS pixels with SeaWiFS
nLw (and AOT or Ångström for options 2 or 3,
Section 3.B).

2. Inverse processing of MODIS to bring Sea-
WiFS nLw to the TOA and output modeled pixel
Stokes vectors, ½Lt;Qt;Ut; 0�T , at MODIS wave-
lengths and MODIS solar and viewing geometries.

3. Screening TOA pixels and inserting them into
datasets encompassing radiance pairs ð½Lt;Qt;Ut;
0�T ;Lm

mÞ and ancillary information, including
rotation angle α, pixel mirror side, detector number,
along-scan number, pixel date, geographic coordi-
nates, solar and viewing geometries, and glint
reflectance.

4. Solving an overdetermined set of linear equa-
tions to derive M11, M12, and M13 per band, mirror
side, and detector.

The first step in the cross-calibration matches in
space and time MODIS pixels with SeaWiFS level-
2 pixels or MODIS pixels with SeaWiFS level-3 bins.
The bins contain spatially and temporally averaged
pixels in a global equal area grid of standard size
[38]. Matching of individual pixels between sensors
is computationally more involved. It is implemented
using a k-dimensional tree search mechanism in
spherical geographic coordinates [39]. The current
implementation, however, uses SeaWiFS level-3 bins
averaged within 9km and 9 days centered on the day
of MODIS analysis. The use of bins is preferred in
order to eliminate noise and uncertainties associated
withmatching individual pixels between the sensors.
It also averages out SeaWiFS potential residual RVS
and mirror-side differences as well as stray light and
atmospheric correction uncertainties. Case 1 water is
used in the cross calibration by selecting global open-
ocean coverage over 1000m in depth. Only these bins
that meet the standard level-3 mask criteria (http://
oceancolor.gsfc.nasa.gov/VALIDATION/flags.html)
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and contain a significant number of averaged pixels
and swaths are applied. Bins are further restricted to
those with maximumAOTat 865nm below 0.15, aCa
threshold of 0:15mg=m3, and coefficients of variation
for AOT and Ca below 0.15. These screening criteria
approximately correspond to the standards used in
the vicarious MOBY-based calibration [14]. Because
the cross-calibrated instruments have different spec-
tral bands, their band radiances are adjusted. This is
accomplished on the level of SeaWiFS nLw and AOT
products after the screened matches are extracted
and before the pixels are passed to the MODIS in-
verse processing. The nLw conversion uses bio-
optical models of case-1 marine reflectance [40,41].
SeaWiFS level-3 nLw are converted from nominal
band RSR, �5nm from the band center, to full-band
RSR nLw of MODIS–Terra. SeaWiFS band 670nm
nLw are used to model MODIS nLw in both bands
13, 667nm, and 14, 678nm. To convert AOT between
sensor bands, the Ångström power law is applied. It
is accomplished using linear interpolation in the
logarithmic wavelength and AOT space between
pairs of adjacent bands.
The daily MODIS coverage and corresponding vi-

carious data files are applied in the subsequent in-
verse processing to generate modeled TOA Stokes
vectors. A separate stage in the cross calibration ex-
amines all processed files, extracts valid pixels and
their ancillary information, and accumulates the pix-
els in a final cross-calibration dataset. The pixels un-
dergo a screening in case the inverse processing
encountered a failure or warning due to the instru-
ment navigation problems, atmospheric correction,
stray light, high glint, or proximity to clouds and
bright targets. A single day of MODIS daytime ima-
ging encompasses approximately 140 files, where
each file is a 5 min granule. The screening criteria
decrease the number of granules to between 70
and 80 a day and to over 200,000 daily pixels, which
represent an adequate global distribution of ocean
data. There are individual cross-calibration datasets
for each day in the Terra time series.
In the current implementation, M11, M12, and M13

are modeled as polynomial functions of the pixel
number along the MODIS–Terra scan. M11 is repre-
sented by a cubic function andM12 andM13 by linear
functions. The cubic function for M11 was selected
through experience due to irregularity of RVS, as dif-
ferent fractions of the mirror surface are used in re-
flection. The polarization sensitivity along the scan is
modeled by a simpler function, just using a linear fit,
because of lower confidence in its derived values, and
because prelaunch measurements showed its rela-
tively linear behavior.M11,M12, andM13 are derived
separately for each band, mirror side, and detector.
MODIS high and moderate glint are avoided, i.e.,
pixels with glint reflection coefficient above 0.0001,
because they contribute significantly to uncertain-
ties in derived parameters. For all screened pixels,
the following overdetermined set of linear equations
is solved:

Lm
m ¼ M11;0Lt þM11;1pLt þM11;2p2Lt þM11;3p3Lt

þM12;0Q0
t þM12;1pQ0

t þM13;0U 0
t þM13;1pU 0

t;

ð8Þ
where, for a given band, mirror side, and detector,
Lm
m, Lt, Q0

t, and U 0
t are global sets of measured and

modeled radiances; p is their corresponding EV
pixel number; Q0

t ¼ Qt cos 2αþUt sin 2α; and U 0
t ¼

−Qt sin 2αþUt cos 2α. Equation (8) is resolved using
an outlier resistant multiple linear regression.

5. Cross-Calibration Results

Results for MODIS–Terra presented in this section
are given for the cross calibration of the visible bands
only. Simultaneous near-infrared and visible-band
characterization using vicarious nLw and AOT has
so far produced unrealistic instrument characteriza-
tion. The reasons may be that spatially and tempo-
rally averaged SeaWiFS AOT data lose the high
rate of atmospheric variability in comparisons with
MODIS, as well as they may encompass speckling
from unidentified clouds and stray light in global
area coverage. Also, ocean-color processing is opti-
mized for nLw extraction, while AOT and La often
carry residual errors of the instrument and algo-
rithm system calibration. The relative cross-
calibration of near-infrared bands using baseline
aerosol models defined by their vicarious Ångström
exponents has also been attempted, but the results
are inconclusive.

The current results are thus produced assuming
MODIS near-infrared bands are accurately charac-
terized using prelaunch, onboard, and operational vi-
carious gain calibration. These bands are used to
extract aerosol contribution to the modeled TOA
total radiance, Lt. TOA linear polarization compo-
nents, Qt and Ut, are modeled for atmospheric mole-
cular and glint polarization only. MODIS–Terra is
processed with a calibration lookup table (LUT) ver-
sion 5.0.38.1c. This LUT is based on the MCST LUT
version 5.0.38.1_OC2 but uses a revised near-
infrared RVS calibration [5] and adjusted detector
calibrations [42]. An excerpt from this LUT for band
412nm is presented in Fig. 1. The derived gain, M11,
is therefore relative to this calibration, and polariza-
tion sensitivity, M12 and M13, are obtained in their
absolute magnitude. SeaWiFS nLw are processed
using operational calibration version 200707 and op-
erational algorithms. The time series of extracted
characterization coefficients, M11, M12, and M13, is
plotted in Fig. 3 for the three blue bands, which show
the largest deviations in ocean-color products. The
M11 gain is actually presented as its inverse, 1=M11,
because the inverse defines the correction to the
measured TOA radiances, Lm

m, and depicts the RVS
function of the mirror. The coefficients M11, M12,
and M13 are delineated at two mirror sides and at
one detector, detector 4. They are also shown at three
selected mirror AOIs: lunar SV AOI, nadir, and
SD-equivalent AOI. There is noise in the derived

20 December 2008 / Vol. 47, No. 36 / APPLIED OPTICS 6803



coefficients, considering that they are extracted inde-
pendently for each day in the time series. The noise is
within 1–2% in the gain and is larger for the polar-
ization sensitivity. However, beyond the noise, rea-
sonable RVS and polarization patterns emerge.
The gain, 1=M11, in Fig. 3 shows that the calibra-

tion of MODIS–Terra is relatively stable over time at
the SV AOI. At other AOIs, the gain changes over
time, particularly increasing after the mid-2003 SD
door event, which corresponds to strong reshaping of
the mirror RVS function. There is also a difference
between the two mirror sides where the spread in
RVS is larger for mirror-side 2. Polarization sensitiv-
ity coefficient, M12, in band 412nm at mirror-side 2
shows a significant rise after the SD door event. M12
sensitivity intensifies from the beginning toward the
end of MODIS scan, and this corresponds to increas-
ing reflection footprint on the mirror. Polarization
sensitivity of mirror-side 1 of band 412nm similarly
increases, but the process is delayed in time, as it is
delayed in band 443nm, and is almost indiscernible
in band 488nm. The polarization sensitivity coeffi-
cient,M13, exhibits apparent seasonal patterns at si-
milar magnitudes among the blue bands. This result
appears erroneous as there are no obvious reasons
why instrument polarization properties should vary
seasonally. For most of the AOIs, M13 is associated
only with the Ut linear polarization component,
whereas M12 is associated with the Qt component.
It may be that the modeling assumptions do not ade-
quately represent the polarization of the light that

MODIS observes, particularly for linear�45° oscilla-
tions. Also, there can exist other unaccounted depen-
dencies in the TOA signal. Because derived M13
coefficients vary evenly around their prelaunch
values, the following analyses lock M13 at its pre-
launch magnitude for all bands, and only M11 and
M12 are treated as unknowns and are extracted in
the cross-calibration process. With a fixedM13, reder-
ived M11 and M12 coefficients are not appreciably
different, and the magnitude of instrument charac-
terizations they describe, the RVS and polarization
sensitivity, is not changed discernibly.

Noise in the temporal trends of the gain, M11, and
polarization sensitivity, M12, is reduced by fitting
smooth functions of time. There are individual fitting
functions per M11, M12, band, mirror side, detector,
and at a number of mirror AOIs sufficient to repro-
duce the extracted RVS patterns. Smoothed polariza-
tion sensitivities obtained early in the mission are
similar to prelaunch measurements and less than
2% different. The smoothing of the gain is derived
on top of onboard calibration trends. The resultant
temporal gain distribution is therefore partly shaped
based on the accuracy and consistency of the onboard
calibration. To obtain all subsequent results, fifth de-
gree polynomials are used in the smoothing. Never-
theless, locally adaptive smoothing filters, such as
Savitzky–Goley, have given good results and may
be preferred in the future [43].

Figure 4 displays 1=M11,M12, andM13 for the blue
bands along theMODIS scan and as functions of time

Fig. 3. Cross-calibration results for MODIS–Terra blue bands 8–10, 412, 443, and 488nm, which showed the strongest discrepancies in
derived ocean-color products. The results are gain 1=M11 and polarization sensitivities M12 and M13, which are plotted through time for
detector 4, both mirror sides, and at three mirror AOIs. Mirror-side 1 (MS1) is drawn in solid curve and mirror-side 2 (MS2) is in dotted
curve. The threemirror AOIs are SV lunar equivalent shown in blue (EV pixel 24), nadir view in green (pixel 687), and SD equivalent in red
(pixel 979). For M12 and M13, prelaunch polarization sensitivities at nadir AOI are shown as black dotted lines.
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where the time progression is plotted with different
colors. Mirror-side 1, detector 4 is shown in the top
three rows in Fig. 4, and mirror-side 2, detector 4

is shown in the three bottom rows. As per the cross
calibration, band 8, 412nm, on MODIS–Terra has
the most pronounced RVS differences on top of the

Fig. 4. Temporally smoothed cross-calibration results along MODIS scan for the blue ocean-color band RVS, 1=M11, and polarization
sensitivities, M12. The results are derived assuming operational prelaunchM13 values and are shown for detector 4 and two mirror sides,
mirror-side 1 (MS1) in the top three rows and mirror-side 2 (MS2) in the bottom three rows. The colors illustrate progression in time from
black/dark purple at the beginning of Terra mission imaging in 2000 to red at the end of 2007. Black dotted lines in theM12 andM13 plots
represent prelaunch polarization sensitivity measurements.
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operational characterization and the most varying
polarization sensitivity. Changes in mirror-side 2
are larger than in mirror-side 1.
The shape of band 412nm RVS has been signifi-

cantly altered from less than 1% concave just after
launch to strongly convex at the end of 2007. At
the end of the time series, the cross-scan variability
reaches approximately 7% between the beginning
and the middle of the scan for mirror-side 1, and it is
larger by approximately 2% for mirror-side 2. The
variability at the end of the scan, where the entire
surface of the mirror is used in reflection, curves sig-
nificantly in the opposite direction. The RVS appears
very stable at the lunar SV AOI, pixel 24, but it has
changed by approximately 4% at SD AOI, pixel 979.
Consequently, when applied to the TOA measure-
ments 7 years into the mission, the cross calibration
will increase MODIS–Terra response to unpolarized
radiance at 412nm (mirror-side 1, detector 4) in the
middle of the scan by approximately 7% and will re-
duce its response by 10% at the end of the scan.
The polarization sensitivity of band 412nm has

been increasing from the beginning toward the end
of the scan. This result is realistic, because the polar-
ization sensitivity is expected to rise with AOI on the
mirror. At the end of 2007 it reached approximately
20% at the end of the scan for mirror-side 1 and 30%
for mirror-side 2. Polarization sensitivity of 30% at
412nm over ocean at MODIS–Terra geometries cor-

responds to the correction of approximately 17% to
the TOA-measured radiances, Lm

m. According to the
cross-calibration results, band 9, 443nm, behaves si-
milarly to band 412nm but with a temporal change
in RVS that is smaller by a few percent and with
1=3rd the increase in polarization sensitivity. The
variations in band 10, 488nm, are even smaller: a
2–4% change over time in the RVS and a 1–4%
change in polarization sensitivity that is dependent
on the mirror side and mirror AOI. Extracted detec-
tor-to-detector variability, not shown in the figure, is
within 2–3% for blue bands 412 and 443nm, around
1% for band 488 and below 1% for the other visible
ocean-color bands.

The green and red bands on MODIS–Terra have
been changing on orbit significantly less than the
blue bands. This result is shown in Fig. 5(a). The tem-
poral variation of the RVS in green and red bands is
between 1 and 2% and between 1 and 3% in polariza-
tion sensitivity. There is a 1 to 2% slope in the RVS
from the beginning to the end of scan in those bands
compared to the onboard calibration. Figure 5(b) de-
monstrates the result of the identical cross calibra-
tion performed for MODIS on the Aqua platform.
In contrast with MODIS–Terra, MODIS–Aqua blue
bands appear well characterized using operational
onboard calibration. According to the cross calibra-
tion, MODIS–Aqua RVS has changed by less
than 1%, and its slope departs from the onboard

Fig. 5. Cross-calibration results for the two MODIS sensors on (a) Terra and (b) Aqua platforms. The same cross-calibration approach is
applied for both instruments. The results are temporally smoothed and shown along scan for all seven visible ocean-color bands. RVS,
1=M11, and polarization sensitivity,M12, are illustrated for mirror-side 2 and detector 4, whereM13 are used at their operational prelaunch
values. The colors depict progression in time from black/dark purple at the beginning of eachmission to red at the end of 2007. Black dotted
lines in the M12 and M13 plots represent respective prelaunch polarization sensitivity measurements.
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calibration by 1%. Also, MODIS–Aqua polarization
sensitivity has not been significantly changing on or-
bit, amounting to 2% maximum in the worst case of
band 8.
Extracted MODIS–Terra characterization, long-

term temporal trends, RVS, and polarization
sensitivities have been tested using a time series
of derived ocean-color products. Beforehand, ocean-
color near-infrared and visible bands were vicar-
iously recalibrated using the standard vicarious ca-
libration procedure applied to MODIS cross-
calibrated Lt. The near-infrared vicarious calibration
should not change the gain, because in the current
cross-calibration option, the near-infrared bands
were not recharacterized. However, due to the cross-
calibration adjustments, more scenes passed the
screening criteria, and there was less scatter in
the time series going into the gain derivation, which
broadened the vicarious gain representation. The fol-
lowing vicarious calibration of the visible bands was
performed with standard methodology with MOBY
measurements.
There are a number of tests employed in the vali-

dation of ocean-color-derived products. One set of
tests compares global, zonal, or regional time series
between different instruments within overlapping
ground coverage. Figures 6(a) and 6(d) show ratios
of global oligotrophic ocean nLw from MODIS–Terra
andMODIS–Aqua over the joint mission lifetime and
before and after the cross calibration. Cross-cali-
brated MODIS–Terra delivers nLw, which are within
5% of Aqua values. This is similar to current Sea-

WiFS and MODIS–Aqua differences and is a signifi-
cant improvement over previous discrepancies of
15% in the blue bands. Figures 6(b) and 6(e) deline-
ate considerable advancement in the nLw RVS and
detector-to-detector calibration. The along-scan and
detector response is quantified in terms of derived
ocean products and obtained by comparing pixel-
by-pixel deep-ocean global values against spatially
and temporally averaged 7 day bins matched at each
pixel location. Another form of validation consists of
analyses of temporal anomalies in derived ocean-col-
or time series on top of systematic yearly trends, as
shown for SeaWiFS and Terra in Section 2. Oligo-
trophic waters exhibit stability over periods of many
years without large long-term drifts in nLw or Ca.
These drifts are obvious before the cross calibration
and diminish after the cross calibration is applied,
which is illustrated in Figs. 6(c) and 6(f).

6. Discussion and Conclusions

The paper presents a vicarious calibration method
for ocean-color satellite instruments, which is applic-
able when onboard sensor characterization capabil-
ities become degraded. The method can extract long-
term sensor radiometric trends as well as RVS and
polarization sensitivity per spectral band, mirror
side, and detector. Instead of onboard calibrator mea-
surements, the characterization uses EV data over
open ocean. These data are matched against the
modeled TOA signal that the instrument is expected
to observe. Ocean surface properties are modeled
using data from another stable global satellite

Fig. 6. Results of MODIS–Terra validation of derived ocean-color products (a)–(c) before and (d)–(f) after application of the cross cali-
bration. (a), (d) The first column shows time series of ratios of normalized water-leaving radiances from MODIS–Terra and MODIS–Aqua
for the blue and green bands. (b), (e) The second column demonstrates along-scan trends of RVS and detector variabilities in terms of
normalized water-leaving radiances in band 8, 412nm. (c), (f) The third column illustrates chlorophyll-a concentration anomalies away
from systematic yearly trends in the oligotrophic ocean.
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instrument. Atmospheric aerosol types and concen-
trations are currently modeled using the calibrated
instrument itself and by assuming operational char-
acterization of its near-infrared bands.
The strategy proved effective in deriving RVS and

polarization sensitivity for MODIS–Terra by cross
calibrating it with SeaWiFS normalized water-
leaving radiances. The ocean-color blue bands, which
carry the strongest degradation on MODIS–Terra,
receive the most meaningful improvement from the
cross calibration. Nevertheless, there are many con-
cerns with the approach that should be addressed.
They include the long-term availability of consistent
well-calibrated time series, such as the one from Sea-
WiFS, which is needed for the cross calibration, as
well as uncertainties associated with modeling the
TOA signal.
The basis for the cross-calibration approach is the

availability at any given point in time of comprehen-
sive global datasets covering a broad range of view-
ing and solar geometries for the sensor that is being
calibrated. The 10 year time series of nLw from Sea-
WiFS has been used as a template for many studies
of global and regional ocean biogeochemistry. The
SeaWiFS instrument is, however, aging, and its orbit
is decaying with the initial noon-descending node
drifting eastward toward the afternoon at an acceler-
ating rate. This causes increased concerns with Sea-
WiFS’s state of health and uncertainties in SeaWiFS
calibration associated with its growing temperature
sensitivity. If SeaWiFS stops being a viable option for
global baseline ocean color, the cross-calibration stu-
dies with MODIS–Aqua show that Aqua could re-
place SeaWiFS, because its RVS and polarization
sensitivities have not been changing nearly as much
as on MODIS–Terra, see Fig. 5. However, MODIS–
Aqua is still a polarization-sensitive instrument, and
its age or an event on orbit may cause it to degrade
more rapidly. As an alternative, it may be feasible to
use monthly nLw climatologies or to model global oli-
gotrophic nLw based on chlorophyll climatologies [44]
with the assumption that there are no climatic bio-
optical changes in those kinds of waters.
There are significant uncertainties associated with

modeling the TOA signal in ocean-color bands. The
first assumption put forward in this analysis stipu-
lates that the polarization of the light on the TOA
over oceans is only due to the atmosphere and the
specular reflection of the sunlight from the ocean sur-
face, though sun glint is largely avoided in the ana-
lyses. However, it has been measured that the
polarization of the underwater upwelled radiance
can be up to 60% depending on the viewing and solar
geometries [45]. Secondly, the circular polarization
component of the TOA signal is assumed minimal,
and is ignored. The next assumption postulates that
the linear polarization of the atmosphere is only
caused by molecular scattering. Aerosol polarization
effects in the open ocean are shown to be usually neg-
ligible [35]. Prior MODIS–Terra cross calibrations
explored additional polarization effects due to aero-

sols introduced into the modeled Qt and Ut compo-
nents. Although the differences in the derived RVS
were below 0.5%, the differences in the extracted po-
larization sensitivities were more significant. Future
studies will examine aerosol models defined using
full-vector Mie theory, which will impact total La
and aerosol Qt and Ut components. Incomplete mod-
eling of the polarization state of the TOA signal may
be the cause for the seasonal patterns extracted in
the M13 polarization sensitivity factor for both
MODIS–Terra and MODIS–Aqua.

SeaWiFS ocean-color time series, the basis for the
cross calibration, has shown remarkable consistency
over the 10 years on orbit [14]. SeaWiFS was cross
calibrated against its own level 3, 9 day, 9km global
bins using the same methodology as for MODIS–
Terra but assuming no polarization sensitivity of the
instrument and applying stricter stray-light screen-
ing criteria than in the operational SeaWiFS bin-
ning. This simpler version of the cross calibration
provided the estimate of SeaWiFS visible-band
RVS and placed it below 0.5% cross-scan variability
and down to 0.1% in band 670nm. This perceived
RVS is relatively small, potentially within the error
of the regression, and becomes insignificant in level 3
averaged data.

Past efforts to simultaneously characterize
MODIS visible and near-infrared bands failed to
derive feasible cross-calibration results, particularly
MODIS polarization sensitivities. This cross-
calibration option uses SeaWiFS aerosol products
in the modeling of the part of MODIS Lt associated
with unknown aerosol types and concentrations. As
discussed before, SeaWiFS aerosol properties may
not be transferable to MODIS–Terra, because Sea-
WiFS vicarious calibration is not absolute. It bounds
instrument calibration to a specific aerosol model,
and it is optimized to accurately retrieve nLw, not at-
mospheric properties. AOT products may incorporate
other nonaerosol constituents such as residual sun
glint and unidentified clouds. In addition, open-
ocean atmospheric aerosol conditions evolve faster
than surface bio-optics and may not be applicable
within an hour’s time, let alone over a 9 day 9km
average. The analysis of MODIS–Terra ocean-color
products shows that there may be a potential long-
term 1% drift in the near-infrared bands relative
to each other, whereas band 869nm AOTs appear
very stable compared to SeaWiFS. Unfortunately,
the relative cross calibration based on SeaWiFS aero-
sol models has not shown conclusive results. The visi-
ble-band cross calibration indicates, however, that
the trends on top of the operational characterization
decrease significantly at longer wavelengths. The
drift should therefore be relatively small in the
near-infrared range and within the uncertainty of
the regression for these bands.

The major concern with the cross-calibration ap-
proach is that it ties the calibrated sensor to the
long-term calibration trend of the baseline mission,
although this is not an uncommon practice for other
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disciplines. Therefore, MODIS–Terra, after the cross
calibration with SeaWiFS, cannot create an indepen-
dent climate data record. It can still be useful for
global and regional studies by complementing other
instruments and providing increased daily coverage
and enhanced statistical confidence in extracted
bio-optical parameters. It is anticipated that new
MODIS–Terra cross calibrations can be executed op-
erationally in monthly intervals. For dates in be-
tween the cross calibrations, linear interpolation of
RVS and polarization sensitivity is performed.
MODIS–Terra RVS and polarization sensitivity
should probably be predicted into the future by
keeping constant the last available fit, because the
derived temporal trends are complex and mostly
nonlinear. This depends on the temporal smoothing
of the original raw trends. For some applications, like
in the case of MODIS–Aqua cross calibration, it may
be useful to isolate RVS, polarization, mirror-side,
and detector characterization without imposing long-
term trend from the baseline instrument. This goal is
difficult, because the shape of RVS and polarization
sensitivity, as well as mirror-side and detector-
to-detector discrepancies themselves, vary through
time. The solution can be to normalize derived RVS
across the entire time series at a given mirror AOI,
e.g., SD AOI, or to normalize it to a cross-scan aver-
age of 1. Actually, the time series of RVS for
mirror-side 1 detector 1 would be normalized, and
the other detectors and the mirror side would be ad-
justed relative to them. This would preserve the ori-
ginal temporal trend of the calibrated instrument,
and the final vicarious calibration would fine-tune
the band radiances to the desired magnitude.

This work was supported under the NASA Re-
search Opportunities in Space and Earth Sciences
(ROSES) 2006 calibration and validation solicitation
funding.
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